I*I Innovation, Sciences et Innovation, Science and CA 2892374 C 2018/03/20
Développement economique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (11)(21) 2 892 374
(12 BREVET CANADIEN
CANADIAN PATENT
13) G
(86) Date de depot PCT/PCT Filing Date: 2013/10/29 (51) ClInt./Int.Cl. £E278 47/0224(2012.01),
(87) Date publication PCT/PCT Publication Date: 2014/06/05 E215 477135(2012.01)
- . (72) Inventeurs/Inventors:
(45) Date de délivrance/lssue Date: 2018/03/20 CHILDERS. BROOKS A. US
(85) Entree phase nationale/National Entry: 2015/05/25 DUNCAN, ROGER GLEN, US;
(86) N° demande PCT/PCT Application No.: US 2013/067252 NUCKELS, MICHAEL C., US

(87) N° publication PCT/PCT Pubilication No.: 2014/085012 (73) Proprietaire/Owner:

o BAKER HUGHES INCORPORATED, US
(30) Priorité/Priority: 2012/11/30 (US13/690,324)
(74) Agent: SIM & MCBURNEY

(54) Titre : DETECTION ACOUSTIQUE DE FOND DE TROU REPARTIE
(54) Title: DISTRIBUTED DOWNHOLE ACOUSTING SENSING

et

T diiling fluic
I e
| Formation 4
I
\-\\N\ |
10

(57) Abréegée/Abstract:

A method and system to perform distributed downhole acoustic sensing In a borehole are described. The system Includes an
optical fiber comprising at least one reflector, and a tunable laser configured to perform a transmission of a range of wavelengths
through the optical fiber. The system also includes a receiver configured to recelive an interferometer signal resulting from the
transmission, and a processor configured to determine a component of the interferometer signal.

50 rue Victoria e Place du Portage1l e Gatineau, (Québec) K1AOC9 e www.opic.ic.gc.ca i+

50 Victoria Street e Place du Portage 1 ¢ Gatineau, Quebec K1AO0C9 e www.cipo.ic.gc.ca C anada



WO 2014/085012 A1 }]0F 000D N0 10 0 AT 0 O O A

(43) International Publication Date

CA 028923774

2015-05-25

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burecau

(10) International Publication Number

WO 2014/085012 Al

5 June 2014 (05.06.2014) WIPOIPCT

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
E21B 47/0224 (2012.01) E21B 47/135 (2012.01) kind of national protection available). AE, AG, AL, AM,
1) Tnt tional Aoolication Number- AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(<1} fntemstinat Appication Number, DCTIUSY013/06725 BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
29 October 2013 (29.10.2013) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
N . MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(26) Publication Language: English SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,

(30) Priority Data: ZW.

13/690,324 30 November 2012 (30.11.2012) US

(84) Designated States (unless otherwise indicated, for every
(71) Applicant: BAKER HUGHES INCORPORATED kind of regional protection available). ARIPO (BW, GH,
[US/US]; P.O. Box 4740, Houston, Texas 77210-4740 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(US). UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(72) Inventors: CHILDERS, Brooks A.; 2929 Allen Parkway, IM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

Suite 2100, Houston, Texas 77019-2118 (US). DUNCAN,
Roger Glen; 2929 Allen Parkway, Suite 2100, Houston,

Texas 77019-2118 (US). NUCKELS, Michael C.; 2929
Allen Parkway, Suite 2100, Houston, Texas 77019-2118

(US).

(54) Title: DISTRIBUTED DOWNHOLE ACOUSTING SENSING

100 — T
T telemetry ___ .

~ 10

EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(57) Abstract: A method and system to
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receive an mterferometer signal result-
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DISTRIBUTED DOWNHOLE ACOUSTING SENSING

CROSS REFERENCE TO RELATED APPLICATIONS

(00011 Thus application claims the benefit of U.S. Patent Application Publication No.
2014/0150548, filed on November 30, 2012.

BACKGROUND

[0002] In downhole exploration and geologic resource recovery efforts, the ability to
obtain information about the conditions of the environment and the status of the equipment
downhole can be helpful in making decisions. For example, information indicating imminent
failure of equipment may lead to actions that mitigate costly consequences of the failure. Many
sensors and measurement devices (e.g., temperature and pressure sensors) are currently used

downhole. Additional monitoring and measurement techniques would be appreciated by the

drilling industry.

SUMMARY

[0003] According to one aspect of the invention, there is provided a system to perform
distributed downhole acoustic sensing in a borehole includes an optical fiber comprising at least
one reflector; a tunable laser configured to perform a transmission of a range of wavelengths
through the optical fiber; a receiver configured to receive an interferometer signal resulting
from the transmission; and a processor configured to determine a component of the
interferometer signal.

[0004] According to another aspect of the invention, there is provided a method of
performing distributed downhole acoustic sensing in a borehole includes arranging an
interferometer in the borehole, the interferometer coupled to a component of interest; obtaining
an interferometer signal from the interferometer; and processing the interferometer signal to
determine information regarding the component of interest.

[0004a] According to another aspect of the invention, there 1s provided a system to
perform distributed downhole acoustic sensing in a borehole, comprising: an optical fiber
comprising at least one reflector; a tunable laser configured to perform an initial transmission
of a range of wavelengths through the optical fiber over a time interval, the initial transmission
resulting in an initial interferometer signal that is a sine wave, and additional transmissions of
the range of wavelengths, the additional transmissions resulting in interferometer signals; a
receiver configured to receive the interferometer signals resulting from the additional
transmissions; and a processor configured to determine phase modulation of the sine wave

based on the interferometer signals.
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10004b] According to another aspect of the invention, there 1s provided a method of
performing distributed downhole acoustic sensing in a borehole, comprising: arranging an
interferometer in the borehole, the interferometer coupled to a component of interest; obtaining
an initial interferometer signal from the interferometer based on an initial transmission of a
range of wavelengths through an optical fiber over a time interval using a tunable laser, the
mitial interferometer signal being a sine wave; obtaining interferometer signals from the
interferometer based on additional transmissions of the range of wavelengths using the tunable
laser; and processing the interferometer signals to determine phase modulation of the sine

wave, the phase modulation indicating information regarding the component of interest.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings wherein like elements are numbered alike in the several
Figures:

[0005] FIG. 1 is a cross-sectional illustration of a borehole including a distributed

acoustic sensor system according to an embodiment of the invention;

la



CA 02892374 2015-05-25

WO 2014/085012 PCT/US2013/067252

[0006] FIG. 2 details one embodiment 1s which a distributed acoustic sensor system 1s
used to monitor machinery;

[0007] FIG. 3 details one embodiment in which a distributed acoustic sensor system
1S used to monitor a sandscreen;

[0008] FIGs. 4 to 8 relate to the processing performed on interferometer output
according to embodiments of the invention;

[0009] FIG. 9 depicts another embodiment of the distributed acoustic sensor system
using fiber Bragg gratings (FBGs);

[0010] FIG. 10 depicts another embodiment of the distributed acoustic sensor system
using Rayleigh backscatter; and

[0011] FIG. 11 1s a flow diagram of an exemplary method of using distributed

downhole acoustic sensing.

DETAILED DESCRIPTION

[0012] High frequency acoustic signals (¢.g., from machine vibrations, flow) can
provide valuable information about the status of the borechole and of machinery in the
borechole. Embodiments of the invention described herein relate to measuring distributed
acoustic signals to not only detect but also localize desired information.

[0013] FIG. 1 1s a cross-sectional 1llustration of a borchole 1 mcluding a distributed
acoustic sensor system 100 according to an embodiment of the invention. A borchole 1
penetrates the earth 3 including a formation 4. A sct of tools 10 may be lowered mnto the
borchole 1 by a string 2. In embodiments of the invention, the string 2 may be a casing
string, production string, an armored wireline, a slickline, coiled tubing, or a work string. In
measure-while-drilling (MWD) embodiments, the string 2 may be a drill string, and a drill
would be included below the tools 10. Information from the sensors and measurement
devices mcluded 1n the set of tools 10 may be sent to the surface for processing by the surface
processing system 130 via a fiber link or telemetry. The distributed acoustic sensor system
100 mcludes an optical fiber 110. In the embodiment shown 1n FIG. 1, the optical fiber 110
includes point reflectors 115. As indicated in FIG. 1, the three exemplary point reflectors 1135
make up two interferometers 117a and 117b. The distributed acoustic sensor system 100 also
includes a tunable laser 120, shown at the surface of the earth 3 in FIG. 1.

[0014] FIG. 2 details one embodiment in which the distributed acoustic sensor system
100 1s used to monitor machinery 210. The machinery may be, for example, a submersible

pump. Inthe embodiment shown in FIG. 2, the optical fiber 110 has point reflectors 115 on
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it that are coupled to the machinery 210. Each set of the pomnt reflectors 115 shown in FIG. 2
are, for example, 10-20 cm apart and comprise a Fabry-Perot interferometer. In alternate
embodiments, the interferometer 117 may be a Michelson mterterometer or a Mach-Zehnder
interferometer rather than a Fabry-Perot interferometer. Each interferometer 117 comprised
of a set of the pomt reflectors 1135 in the present embodiment monitors the machinery 210 m
the following way. The tunable laser 120 emits a range of sequential wavelengths over some
finite time mterval. The return signals from a pair of the point reflectors 115, with no other
contributing component, would interfere with each other to generate a sine wave pattern
whose frequency reflects the spacing of the pomt reflectors 115 (1.e. each interferometer 117
output would be a sine wave pattern). In a real world scenario, the signal received at the
surface from cach iterferometer 117 comprised of a set of the point reflectors 115 will not be
a pure sime wave pattern but will, instead, include other signal components contributed by the
vibration of the machinery 210 to which the pomt reflectors 115 are coupled, as well as signal
components due to non-linear tuning of the tunable laser 120. Embodiments using a tunable
laser 120 with a linear tuning characteristic avoid these contributing signal components.
Thus, by knowing the spacing between the point reflectors 115 1n an interferometer 117, the
surface processing system 130 can determine the interference component or the component of
acoustic signal attributable to the machinery 210 to which the point reflectors 115 are
coupled. That 1s, with the sine wave as a carrier, the phase shift caused by the machinery 210
vibration can be thought of as a modulation of the carrier, and the modulation can be
processed and determined as detailed below. Over time, by monitoring this vibration
component of the machinery 210, changes (e.g., an increase 1n vibration) can be determined
and dealt with. For example, if a rapid increase 1n the vibrational component of the
machinery 210 1s determined, 1t may indicate an imminent failure in the machinery 210.
[0015] FIG. 3 details one embodiment of using the distributed acoustic sensor system
100 to monitor a sandscreen 310. The optical fiber 110 may be directly coupled to the
sandscreen 310 or may be coupled to the sandscreen 310 through another component 320
(¢.g., Fiber Express Tube ). The tunable laser 120 sweeps a range of wavelengths over a
time interval as 1 the embodiment discussed with reference to FIG. 2. The resulting
interferometer signal (where the interterometer 117 18 comprised of the pair of the point
reflectors 115 m the embodiment shown m FIG. 3) includes a component due to flow through
the sandscreen 310. That 1s, just as vibration of the machinery 210 modulated the sine pattern
generated by a reflection of the tunable laser 120 output by the point reflectors 115 in the

embodiment shown 1n FIG. 2, flow of formation fluid through the sandscreen 310 modulates
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the sine pattern and can be processed and detected by the surface processing system 130. For
example, a pipe the length of 100 feet may cover a reservorr. By using the distributed
acoustic sensor system 100, the flow of o1l can be localized along the pipe. The processing of
the mterferometer signal to determine the component attributable to the disturbance (e.g.,
vibration, flow) according to the embodiments shown m FIGs. 2 and 3 1s detailed next.

[0016] FIGs. 4-8 detail the processing of an exemplary interferometer signal received
by the distributed acoustic sensor system 100. The processing may be executed by the
surface processing system 130, for example. FIG. 4 shows an exemplary received signal 410
for a period of time (x-axis 420). Amplitude is shown on the y-axis (430). The exemplary
recerved signal 410 includes interferometer output for a single interferometer 117 but a
received signal 410 1n a distributed acoustic sensor system 100 that includes more
interferometers 117 will include more interferometer outputs. A Fourier transform 1s taken of
the received signal 410 to provide the signal 510 1n the frequency domain (x-axis 520). The
component 530, as well as portions of the signal 510, are generated because of non-linear
characteristics of the tunable laser 120. If the interferometer output resulted from a tunable
laser 120 with linear tuning characteristics, the component 530 (and contributions to the
signal 510) would not be present. As noted with regard to FIG. 4, a distributed acoustic
sensor system 100 with two or more mterferometers 117 would receive two or more
interferometer outputs and, thus, would mclude two or more signals 510 1n the frequency
domain.

[0017] A bandpass filter 1s used to 1solate cach of the signals 510, and then an inverse
Fourier transform 1s taken of cach 1solated signal 510 to provide the exemplary complex
signal (real component 610 and 1imaginary component 620) 1n the time domain (x-axis 630)
shown in FIG. 6. To be clear, when more than one interferometer 117 1s used by the
distributed acoustic sensor system 100, more than one bandpass filter would be needed, and
the processing discussed with reference to FIG. 7 and 8 would be done for outputs of each of
the mterferometers 117. By taking the arc tangent of (the real component 610/the 1maginary
component 620) and then performing phase unwrapping on the resulting phase, the phase 710
and phase modulation 720 over time (x-ax1s 730) result, as shown in FIG. 7. The phase
modulation 720, which 1s the portion of interest, reflects the contribution of the downhole
parameter of interest (¢.g., vibration, flow) to mterferometer output and also the contribution
of the tunable laser 120 when the tunable laser 120 does not have a linear tuning
characteristic. Thus, 1f there were no vibration, flow, or other contribution to the

interferometer output and the tunable laser 120 had linear tuning characteristics, the phase
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modulation 720 would be a flat line at 0. As noted above, the portion of interest 1s the phase
modulation 720 because 1t includes the vibration or flow contribution to the iterferometer
output.

[0018] By performing a Fourier transform on the phase modulation 720, the
frequency (x-axis 820) and amplitude (y-axis 830) (shown on a log scale) of the vibration
may be determined. In the exemplary case discussed with reference to FIGs. 4-8, the
interferometer output includes a vibration component induced at 137 Hz. FIG. 8 shows this
component 810 at 137 Hz. By monitoring this output over time, changes 1n frequency and/or
amplitude of vibration may be used to determine the condition of machinery (in the
embodiment discussed with reference to FIG. 2) or the 1nitiation, increase, or decrease of
flow (in the embodiment discussed with reference to FIG. 3). In addition, the phase
modulation 720 (indicating vibration or flow) can be localized within the borehole 1 1 the
following way. As noted above, when more than one mterferometer 117 1s used, the results
shown 1 FIGs. 7 and 8 are determined for each of the interferometers 117. Thus, by noting
which interferometer 117 output shows the vibration component (810), the location of tlow,
for example, can be determined based on the location of the point reflectors 115 that make up
the particular mterferometer 117. Embodiments of the distributed acoustic sensor system 100
discussed below include additional types of interferometers 117 and discuss additional
methods of determining the location of the mterferometer 117. In alternate embodiments, the
distributed acoustic sensor system 100 discussed herein may be used for vertical seismic
profiling or fracing in addition to vibration and flow monitoring.

[0019] FIG. 9 depicts another embodiment of the distributed acoustic sensor system
100 using fiber Bragg gratings (FBGs) 910. In this embodiment, FBGs 910 rather than point
reflectors 115 are used for the interferometer 117. The FBGs 910 act as reflectors around the
resonant wavelength of the Bragg grating. The number and distribution of the Bragg gratings
may be varied to affect the reflective characteristic. As with the point reflectors 115, the
interferometer signal generated by the FBGs 910 1s processed to 1solate the phase
perturbation caused by the target disturbance (e.g., vibration of machinery 210, flow through
sandscreen 310).

[0020] FIG. 10 depicts another embodiment of the distributed acoustic sensor system
100 using Rayleigh backscatter. This embodiment is based on the fact that, even without any
reflector or Bragg grating along the optical fiber 110, Rayleigh backscatter 1s generated at
every point along the optical fiber 110. With a reference reflector 1010 at a known location

along the optical fiber 110, each point on the optical fiber 110 acts as an interferometer 117 1n
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conjunction with the reference reflector 1010. By 1solating a length of optical fiber (d’)
within a certain distance (2*d) around the reference reflector 1010, an areca of nterest (e.g.,
part of a machinery 210, sandscreen 310) may be 1solated for processing of the interferometer
signal. For example, a 20 cm spacing within 500 m of the reference reflector 1010 may be
1solated. The mterferometer signal generated by the Rayleigh backscatter from the 1solated
length and the reference reflector 1010 may then be processed to determine the phase
modulation. As discussed with reference to FIGs. 2 and 3, the phase modulation (processed
as discussed with reference to FIGs. 4-8) indicates the vibration in the case of the arca of
interest being part of a machinery 210 (like a submersible pump) or flow 1n the case of the
arca of mterest being part of a sandscreen 310. As shown, the reference reflector 1010 1s a
point reflector 115. In other embodiments, the reference reflector 1010 may be an FBG 910.

[0021] A reference reflector may be used 1n conjunction with the point reflectors 115
or FBGs 910 discussed with reference to FIGs. 2, 3, and 6, as well. That 1s, when more than
two pomt reflectors 115 or FBGs 910 are used, the spacing between adjacent point reflectors
115 or FBGs 910 1s varied so that a given parr of the point reflectors 115 or FBGs 910 has a
unique distance between them and 1s thereby distinguishable from any other pair along the
optical fiber 110. However, to determine where along the optical fiber 110 a given pair of
point reflectors 115 or FBGs 910 1s located, the pomnt reflectors 115 or FBGs 910 may be
placed at known locations (a priori knowledge) or a reference reflector 1010 may be used to
make the determination.

[0022] FIG. 11 15 a flow diagram of an exemplary method 1100 of using distributed
downhole acoustic sensing. At block 1110, arranging the interterometer includes arranging
point reflectors 115 as discussed with reference to FIGs. 2 and 3 or FBGs 910, as discussed
with reference to FIG. 9, with or without a reference reflector 1010, or only including a
reference reflector 1010 as discussed with reference to FIG. 10. At 1120, obtaining the
interferometer signal includes transmitting a range of wavelengths with a tunable laser 120
and receiving the mterferometer signal. The interferometer signal may be received at the
surface. At block 1130, processing the interferometer signal to determine the information of
interest mcludes determining the vibration and, over time, monitoring changes 1n vibrations
of a part of a machinery 210 such as a submersible pump. Processing at block 1130 also
includes determining flow at location of a sandscreen 310. Processing at block 1130 also
includes performing vertical seismic profiling or fracing. The processing at block 1130 may

be 1n accordance with the discussion above with reference to FIGs. 4-8.
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[0023] While one or more embodiments have been shown and described,
modifications and substitutions may be made thereto without departing from the spirit and
scope of the invention. Accordingly, 1t 18 to be understood that the present invention has been

described by way of illustrations and not limitation.
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What is claimed is:

1. A system to perform distributed downhole acoustic sensing in a borehole, the system
comprising:

an optical fiber comprising at least one retlector;

a tunable laser configured to perform an initial transmission of a range of wavelengths
through the optical fiber over a time interval, the initial transmisston resulting 1n an initial
interferometer signal that 1s a sine wave, and additional transmissions ot the range of
wavelengths, the additional transmissions resulting in interferometer signals;

a receiver configured to receive the interferometer signals resulting from the additional
transmissions; and

a processor configured to determine phase modulation of the sine wave based on the

interferometer signals.

2. The system according to claim 1, wherein the at least one reflector i1s comprised of at
least two point reflectors, and the interferometer signals are generated by interference between

reflections of two of the at least two point reflectors.

3. The system according to claim 2, wherein the optical fiber further comprises a

reference reflector.

4 The system according to claim 1, wherein the at least one reflector 1s comprised of
fiber Bragg gratings (FBGs), and the interferometer signals are generated by interference

between reflections of two of the FBGs.

5. The system according to claim 4, wherein the optical fiber further comprises a

reference reflector.

0. The system according to claim 1, wherein the at least one reflector includes a reference
reflector, and the interferometer signals are generated by reflections from a point on the optical

fiber and the reference reflector.

7. The system according to any one of claims 1 to 6, wherein the optical fiber 1s coupled
to a portion of machinery, and a determination of vibration of the portion is based on the phase

modulation determined from the interferometer signals.
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8. The system according to claim 7, wherein the machinery is a submersible pump.

9. The system according to any one of claims 1 to 6, wherein the optical fiber is coupled

to a sandscreen, and the phase modulation determined from the interterometer signals indicates

flow through the sandscreen.

10. The system according to any one of claims 1 to 9, wherein the phase modulation

determined from the interferometer signals 1s used to perform vertical seismic profiling.

11. A method of performing distributed downhole acoustic sensing in a borehole, the

method comprising:

arranging an interferometer in the borehole, the interferometer coupled to a component

of interest;

obtaining an initial interferometer signal from the interferometer based on an initial
transmission of a range of wavelengths through an optical fiber over a time interval using a
tunable laser, the 1nitial interferometer signal being a sine wave;

obtaining interferometer signals from the interferometer based on additional
transmissions of the range of wavelengths using the tunable laser; and

processing the interferometer signals to determine phase modulation of the sine wave,

the phase modulation indicating information regarding the component ot interest.

12. The method according to claim 11, wherein the arranging the interferometer includes

arranging at least two point reflectors along the optical fiber.

13. The method according to claim 12, further comprising arranging a reference reflector

along the optical fiber.

14. The method according to claim 11, wherein the arranging the interferometer includes

arranging at least two fiber Bragg gratings (FBGs) along the optical tiber.

15. The method according to claim 14, further comprising arranging a reference retlector

along the optical fiber.

16. The method according to claim 11, wherein the arranging the interferometer includes
arranging a reference reflector along the optical fiber, the reference reflector acting as the

interferometer in conjunction with a point on the optical fiber.
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17. The method according to any one of claims 11 to 16, wherein the component of interest
1s a portion of a machinery, and the information includes vibration of the portion of the

machinery.

18. The method according to any one of claims 11 to 16, wherein the component of interest

1s a sandscreen, and the information includes flow through the sandscreen.

19. The method according to any one of claims 11 to 18, wherein the processing is used to

perform vertical seismic profiling.

10
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